Planar impact experiments were employed to induce dynamic tensile failure in Bedford limestone. Rock discs were impacted with aluminum and polymethyl methacralate flyer plates at velocities of 10 to 25 m/s. This resulted in tensile stresses in the range of ~ 11 to 160 MPa. Tensile stress durations of 0.5 and 1.3 gs induced microcrack growth which in many experiments were insufficient to cause complete spal!ing of the samples. Ultrasonic P and S wave velocities of recovered targets were compared to the velocities prior to impact. Velocity reduction, and by inference microcrack production, occurred in samples subjected to stresses above 35 limestone and San Marcos, (California) gabbro, damaged in one-and three-dimensional impact experiments. These rocks are studied because they are representative of crustal rock types and impact and strength tests for specimens from these localities have been performed previously.
observed in the planar impact experiments to the observed rock damage versus distance from the crater in the axisymmetric experiments. The following strategy is employed:
1. Cracking during the complex loading and unloading history in the axisymmetric impact experiments could be a result of both the tensile stress concentration around flaws during the compresslye pulse, and the tensile portion of the stress wave. Therefore, to better understand the underlying physics of rock failure, we have performed a series of onedimensional tensile (spal!) experiments on Bedford limestone to characterize the high-strain rate tensile strength properties of this material. A summary of some of these results are recently published [Rubin and Ahrens, 1991] . Our strategy was to shock discs of limestone at controlled stress magnitudes and durations below that required to produce complete spalling and to observe the progression in rock damage. The elastic moduli of the recovered samples were determined by measuring their longitudinal and shear wave velocities. As in the three-dimensional experiments, the seismic velocity deficits can be used to infer the crack densities that were induced as a function of applied stress and stress duration.
2. Experimental studies of crack density and modulus reduction produced by hemispherical shock waves in rock were carried out by impacting blocks of Bedford limestone and San Marcos gabbro with high-velocity projectiles. Longitudinal elastic wave (P wave) velocity measurements were carried out on a large number of oriented cubes cut out of each rock sample. Theoretical estimates of seismic velocity reductions based on microscopic observations of crack density are compared to observed velocity reductions for P waves.
3. We relate the measured seismic velocity reductions in the axisymmetric experiments to the rock damage parameters of O'ConnelI and Budiansky [1974] and Grady and Kipp [!979, 1987] . The inferred damage parameter is then interpreted in light of estimates of the stress history of the samples using rock fracture properties derived from the planar impact experiments.
We also examined the applicability of the theoretical and experimental analysis of the relation of fracture length induced by static indention into hard brittle media outlined by [Anstis et al., 1981 ] to the size of the zone of dynamic fragmentation.
DYNAMIC ONE-DIMENSIONAL LOADING AND FRAC'H. mE OF ROCK
The dynamic tensile strength of rock can exceed the quasistatic tensile strength by an order of magnitude [Rinehart, 1965] . By "dynamic tensile strength" we mean the peak transient stress sustained during high strain rate tensile failure. The difference between dynamic and quasi-static by the sound speed of the material, in general, the higher the strain rate, the smaller, at a given strain, the zone of reducexl stress surrounding growing microcracks, the more flaws are activated and, ultimately, the greater the peak stress and number of fragments produced.
In current models of dynamic rock fracture [i.e., Grady and Kipp, 1987] , the reduction in elastic modulus concurrent with microcrack growth is an essential element in describing the deformation history. For an elastic solid, the stress is equal to the product of the strain and the modulus. In a fragmenting solid, the stress history is determined by the competition between the increasing strain produced by the loading system, and the decreasing modulus produced by crack growth. Models incorporating this concept, combined with estimates of the initial flaw distribution from microscopy, have been used to explain the fragment size distribution and measured stress history within Arkansas novaculite in dynamic spall experiments [Grady and Kipp, 1987; Shockey et al., 1974] . However, there is ample reason to test the models further. For example, although during dynamic fragmentation the stress field is very heterogeneous, with some regions as yet unaffected by crack growth (Figure lb) , the computed stress is some average based on the effect of crack growth on the overall reduction in static modulus of the aggregate. Furthermore, although the experimental results are apparently consistent with static measurements of the rock fracture toughness [Grady and K ipp, 1987] , they have yet to be reconciled with measurements of the much lower "apparent" fracture u i = Up piCi+PtC t IIere Up is the projectile velocity, and the subscripts i and t refer to the impactor and target, respectively. The particle velocity within the impactor with respect to the projectile velocity, U i -Up, doubles upon initiation of the release wave from the rear of the flyer plate; the particle velocity behind the release wave front is then given by
This velocity is less than zero (opposite to Up) if the impedance of the impactor is less than that of the target, equal to zero if the two impedances are equal, and greater than zero if the impactor impedance is greater than that of the target. Within the target, on the other hand, relaxation of the stress at the target/flyer interface to zero behind the release wave implies that the target particle velocity returns to zero. This implies that, when the impactor impedance is less than the target impedance, separation of the target and flyer plate occurs. In this case, the subsequent tensile stress within the target is given by the acoustic formula [Cohn and Ahrens, 1981] cr = Up PtCtPiCi (la)
PiCi + PtCt
However, when ui within the impactor is greater than zero following release, then separation does not occur. In this case, there is a residual compression across the interface that can be determined by treating the positive impactor particle velocity behind the release wave front as if it were a (zero pressure) projectile moving with that velocity; that is, by substituting u i behind the release wave for Up in equation In order to determine the effect of pore water on dynamic fracture behavior, four shots were performed on watersaturated samples. The samples were evacuated overnight, and water was siphoned into the container before the sample• were exposed to atmosphere. The front and rear surfaces of the targets were covered with a cellophane tape <0.02 mm thick to prevent evaporation. The perimeters of the targets were likewise covered, except for a several mm gap at the top where a large drop of water was held by surface tension as they were mounted and shot. Approximately 5-7 rain were required to mount, align, and shoot the targets. Evaporative weight loss within the sample in this time was determined to be less than 1% of the total water content without the buffering Water droplet. The sound speed measurements on these saturated samples made prior to and following impact were performed dry. Four shots were also performed on dry, taped targets, which demonstrated no detectable effect due to the tape alone.
The Bedford limestone specimens used have a typical grain size of 0.5 mm and a porosity of -9.9% (Table 1) .
Ultrasonic velocities (reproducible to < 2%) were measured using the travel-time method with 1 MHz PZT transducers. The dry velocities are higher than those of Nut and Simmons [1969] , and the difference between the wet and dry velocity is less. This suggests a lower pore volume in the form of high aspect ratio cracks [ToksOz et al., 1976] . Table 1 also gives previous determinations of the static tensile strength o, fracture toughness KI½, and Young's modulus E.
P,.ES•TS FOR PLANE IMPACT EXPERIMEI•rS
The results of the ultrasonic velocity measurements are shown in Table 2 
Interpretation of the Velocity Reduction Data
The P wave velocity of the starting material was 75% of that reported by Christensen [1982] [Ingraffea, 1987] We assume the 1-cm 3 samples are representative of the rock in bulk; that is, we believe no further crack damage was done upon sawing and in preparing the samples for ultrasonic measurements. The detailed velocity data are presented in Table 3 . Although the velocity anisotropy of the unshocked samples was not determined, the differences in velocity in different directions is expected to be small relative to the velocity reductions seen in the data. This is confirmed by the directional velocity measurements far from the axis of impact, wk, ere the sound speed approaches the unshocked value, in Figures 9 and 11 . The difference between the average velocity in the three principal directions is less than the scatter in velocities for each direction. Elsewhere, the anisotropy is less pronounced. Figure 8 illustrates the P wave velocity in the x, y, and z directions at 2.5 cm depth within the sample. Within the central portion See Table 3a footnote. In the following we assume that the bulk of the damage is producexl by both types of radial cracks, whose formation is more straightforward!y relatable to calculated stress wave profiles.
RESULTS FOR AXISYMMETRIC EXPERIMENTS
Such radial cracks which grow are perpendicular t<• the direction of peak tension, and thus normal to the quasispherical compresslye wave front.
We first test the hypothesis that these cracks begin to grow at the time tc given by (5). At a time t>t c after the onset of a tensile stress pulse, cracks of initial length ,t o will increase in length by AZ=Cs(t-tc), assuming they grow at the shear wave velocity. Substituting ( 
assuming all existing cracks are of similar length and grow by Al, we find upon linearizing (equation (12) 
